Abstract-To clarify the origin of the superior field emission characteristics of carbon coated emitters, we investigated the field enhancement at a triple junction and work functions as calculated by ab initio simulations. The electric field near the triple junction is one order of magnitude higher than at other places. Based on ab initio calculation, we found that (1) the work functions of diamond and graphite dramatically decrease to 3 -3.6 eV upon hydrogen termination, and (2) the effective work functions of some models decrease to 2 eV by applying an external electric field. We also estimated the field emission current from the potential distribution and local density of states under the external electric field applied.
INTRODUCTION
It has been reported that Fowler-Nordheim analysis of field emission from specific carbon-related materials yields very low effective work functions, even though the materials lack high aspect ratios in their geometrical structures. We have reported that lithography-fabricated Si FEAs as well as single Si emitters whose tips are coated with an arc-prepared carbon film yield superior field emission features as shown in Fig. 1 . [1] Although the tip apex becomes blunt when coated with the carbon film-where geometrical field enhancement should be degraded upon coating-the field emission current increases and the slope of the Fowler-Nordheim plot of field emission features becomes slower upon coating with carbon film. Here, the effective work function is estimated to be 1.7 -2.0 eV as calculated using "MAGIC" code. [2] To clarify the origin of the superior field emission characteristics of carbon coated emitters, we investigated the field enhancement at a triple junction and work functions as calculated by ab initio simulations.
II. FIELD ENHANCEMENT AT A TRIPLE JUNCTION
The scanning tunneling microscopy image obtained of the carbon coated emitter shows a surface consisting of nanometer-scale grains, with no nano-protrusions having higher aspect ratios that could largely enhance the electric field. The field emission image obtained shows higher field emission current along the rim of each grain. These facts suggest that enhancement of the electric field is due to the intrinsic dielectric and conductive properties of nanometersized sp 3 insulator clusters embedded on and in the surrounding sp 2 matrix. Therefore, we considered the dielectric sphere on metal as a simplified model and calculated the electric field. The length between the edge of a dielectric sphere and an anode was 5 nm, and external voltage of 5 V was applied as shown in Fig. 2 (right). Figure 1 . FN plots of C-coated and bare Si emitters [1] . Figure 2 . Strong electric field enhanced near the triple junction of the dielectric sphere (ε =10) on metal.
We have adapted the Poisson Superfish group of codes to calculate the electric field near the triple junction. This code includes a program for calculating static magnetic and electric fields in either 2-D Cartesian coordinates or axially symmetric cylindrical coordinates, and was developed by the Los Alamos National Laboratory (LANL).
[3]
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The calculated electric field near the triple junction is one order of magnitude higher than at other places as shown in Fig.  2 (left) . Although the relative permittivity (ε) of the dielectric sphere of the above calculation is 10 (DLC), similar results were obtained in both ε = 20 and ε = 5 (diamond).
III. AB I ITIO CALCULATION
The work functions, field emission current, and emission patterns of carbon-related materials at the applied external field were calculated by using Quantum-ESPRESSO (QE), developed by the DEMOCRITOS National Simulation Center in Trieste, Italy. This program is an integrated suite of computer codes for electronic-structure calculations and the nanoscale modeling of materials. It is based on densityfunctional theory, plane waves, and pseudopotentials. [4] Calculations were made for clean, H-terminated diamond and graphite. The diamond and graphite had film thicknesses of 1.075 nm and 1.579 nm, respectively. The H-terminated diamond and H-terminated graphite had C-H bond lengths of 0.11 nm and 0.101 nm, respectively. It is well known that the equilibrium atomic positions on a crystal surface are generally different from those on an ideal bulk-terminated surface. Therefore, a relaxation calculation was made. The cutoffs were 40 Ryd for the wave functions and 480 Ryd for the charge density, and a k mesh (10 × 10 × 1) was used. Figure 3 shows the calculated work functions where: (1) the work functions of diamond and graphite dramatically decrease to 3 -3.6 eV upon hydrogen termination, and (2) the effective work functions of the H-terminated models decrease to 2 -2.5 eV by applying an external electric field of 2.57 × 10 7 V/cm.
Next, we calculated the field emission current using the Khazaei model based on the Penn-Plummer model. [5, 6] The field emission current can be obtained from said model by adapting the output of the potential distribution and local density of states (LDOS) as calculated by QE. Table I lists the calculated results. Hydrogen termination significantly increases the emission current: by fourteen orders of magnitude for diamond (001) and by seven for graphite.
We also calculated the probability of electron tunneling through a nanostructure-vacuum barrier, the LDOS, and field emission patterns. Figure 4 shows an example of the emission pattern of H-terminated diamond (001)-(1×1). As a result, we can determine the position where many electrons are released. Many electrons are released from the in-between position of hydrogen atoms in the H-terminated diamond.
From these results, we conclude that hydrogen termination dramatically decreases the work functions and increases the field emission current.
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